[1] Moored current observations in the southwestern East/ Japan Sea of 16.5 months duration clearly captured two episodes of downward phase propagation (upward energy propagation) of near-inertial waves (NIWs). Time series of temperature and velocity from the mooring and ancillary information indicate that the mooring was located near the center of an anticyclonic eddy during these events. Considering the typical vertical structure of quasipermanent eddy features in the region, the observed downward phase propagation appeared to occur within the seasonal thermocline and upper thermostad of the anticyclonic mesoscale eddy. Ray tracing simulation of NIW using the observed subinertial currents suggests that the upward energy propagation is caused by the reflection of the NIWs within the thermostad of the anticyclonic eddy, where the effect of the vertical shear of subinertial horizontal currents is larger than the buoyancy effect in controlling the propagation of NIWs. Citation: Byun, S.-S., J. J. Park, K.-I. Chang, and R. W. Schmitt (2010), Observation of near-inertial wave reflections within the thermostad layer of an anticyclonic mesoscale eddy, Geophys.
Introduction
[2] Internal gravity waves are thought to play an important role in the generation of turbulence and mixing in the ocean interior [Kunze, 1985; Hibiya et al., 1996] . The mixing caused by the breaking of internal gravity waves affects pollutant dispersal, marine productivity, and global climate [Alford, 2003] . Particularly, near-inertial waves (NIWs) can be generated by various forcing mechanisms but wind forcing is mainly responsible for the generation of NIWs in the surface mixed layer [Pollard and Millard, 1970] . The wind scale, mixed layer depth, and buoyancy frequency (N) are crucial factors that control the downward energy propagation at the base of the mixed layer [Park et al., 2005; Park et al., 2009] . However, below the mixed layer, subinertial currents can play an important role in NIW propagation. Indeed, under weak stratification, the vertical shear of the subinertial currents significantly influences the propagation of NIWs and can reflect them to the sea surface [Merrifield and Pinkel, 1996] .
[3] Reports have been given of an interaction of NIWs with the vorticity field of mesoscale eddies or currents [Kunze, 1985; Toole and Schmitt, 1987; Kunze et al., 1995] . When NIWs are generated within an anticyclonic eddy, they can have frequencies below the local Coriolis frequency, and thus cannot propagate out of the eddy but will be trapped instead [Kunze et al., 1995] .
[4] Mesoscale eddies are ubiquitous features in the East/ Japan Sea (East Sea hereafter), especially in the southern region due to the meandering of currents [e.g., Chang et al., 2004] . In the Ulleung Basin of the southwestern East Sea (Figure 1a ), a quasi-stationary anticyclonic eddy, called the Ulleung Warm Eddy (UWE hereafter) is frequently observed. The UWE has a mean diameter of about 100 km -200 km with a signature down to a depth of 400 m or even deeper [Shin et al., 2005] . Figure 1b shows a meridional temperature section across the UWE in November 2000 [Kang et al., 2004] , taken during the same season as in 2003, the period we are focusing on in this paper. The section shows a layer of homogeneous temperature, called a thermostad, with a temperature range of 10 -11°C, extending from 95 m to 185 m depth at the eddy center. The thermostad is capped by a seasonal thermocline during this season. The N value in the thermostad ($0.003 s À1 , Figure 1c ) is about 6 times smaller than that outside the eddy ($0.018 s À1 , Figure 1c ). [5] In this paper, we will provide the first observational evidence of NIW reflection within the seasonal thermocline and thermostad of an anticyclonic mesoscale eddy using data from moored current measurements, and suggest the possibility that the unique buoyancy and shear structure of the thermostad is responsible for the NIW reflection. NIW reflections near the upper thermostad of an anticyclonic mesoscale eddy have been rarely documented with observations due to the difficulty of obtaining continuous time series data within an eddy. Because of the quasi-stationary nature of the UWE which is thought to be controlled by topography, our long-term moored measurements were able to capture the behavior of NIW propagation through an anticyclonic eddy.
Data
[6] A moored current meter measurement was conducted in a depth of 2275 m in the Ulleung Basin of the southwestern East Sea (Site EC1 in Figure 1a The ADCP current records shallower than 53 m are somewhat contaminated by the lack of scatterers during daylight hours, presumably due to the diurnal migration of marine biota. The current meters recorded temperatures and currents every 30 minutes at each depth level. Measured currents are decomposed into east-west (u) and north-south (v) components, and bandpass filtered with a 4th order Butterworth filter to investigate NIW phase propagation. The filtered band is 0.9f $ 1.1f from the inertial frequency at EC1 where f is the local Coriolis frequency.
Results

Warm Eddy Event
[7] During the entire observation period, we found three energetic NIW amplitude events (>15 cm/s at 53 m depth) in July, September, and late October -late November, 2003 (Figure 2a Figure 2b suggests that an anticyclonic eddy, most likely the UWE, passed by the mooring EC1. Maps of sea surface height and sea surface temperature measured by satellites (not shown) also confirm that the eddy migrated from east to west, and its center was placed near the mooring from late October to late November. The variation of observed subinertial currents is also consistent with the eddy movement near the mooring site described above. Prior to the arrival of the eddy center at EC1, strong (>70 cm s À1 ) northward subinertial currents were observed as the eddy's western periphery approached EC1. When EC1 was located near the eddy center, the subinertial currents became weak (<20 cm s
À1
). More details on the fluctuations of subinertial currents due to the passage of the eddy are described by Kim et al. [2009] . Additionally, an Argo float profiling the eddy structure northeast of EC1 ( Figure 1a Figure 1a , and the distance is measured from the southernmost station. (c) Buoyancy frequencies in the eddy center (red line) and outside the eddy (green line) at two locations shown in Figure 1b with the same colors.
Observed Downward Phase Propagation of Near-Inertial Waves
[8] Among the three energetic NIW amplitude events, our main focus is the third event (red-dotted box in Figure 2 ), when the mooring was located near the center of the eddy, in the depth range between 53 m and 153 m covered by ADCP. The vertical NIW amplitude distribution is very different from the previous two events. NIW amplitudes of the previous two events gradually decrease with depth (>10 cm/s at 100 m), while, in the third event, they decrease sharply and no significant NIW amplitude is found below 70 m (<5 cm/s at 100 m).
[9] In the upper 100 m, the band-pass filtered u-component shows clearly downward phase propagation (i.e., upward energy propagation) from October 28 to 31 after nearly inphase or upward phase propagation (i.e., downward energy propagation) during October 26-27 (Figure 3a) . The downward phase propagation is again obvious from November 7 to 10 after upward phase propagation during November 3-6.
Below 100 m, in-phase propagation appears from October 30 to November 2, and also from November 6 to 9. Figure 3b shows the depth where the inertial phase becomes p/2 relative to the inertial current vector at 53 m. This figure presents a clear picture of the vertical phase change in inertial currents. The depths during the downward phase propagation period (red line) appear shallower than those in the upward phase propagation period (blue line). It implies that the NIW in the downward phase propagation likely has shorter vertical scales or higher wave numbers which could effectively contribute to turbulent mixing. Details on this issue will be discussed in section 5.
[10] The vertical stratification in the thermostad is fairly weak, while the observed vertical shear of the subinertial currents in the upper thermostad (around 100 m) is comparable with it (1/3 $ 1/4 N, Figure 2d) , suggestive of the importance of the vertical shear to NIW propagation inside the eddy. The observed upward energy propagations of NIWs are thought to be caused by the NIW reflection, which will be addressed in the following section using a scaling analysis and a simple ray tracing model.
Discussion
Scaling Analysis
[11] Under the thermal wind relationship, the vertical shear of subinertial currents are directly related to horizontal density gradients. When a water parcel moves on a plane contiguous with the NIW group velocity vector which makes an angle to the isopycnal surfaces, it feels a density contrast, called the effective buoyancy, with a larger angle corresponding to a greater density contrast. Near the upper thermostad of UWE, the effective buoyancy can become important in NIW propagation due to the weak stratification and tilting of isopycnals.
[12] In a geostrophic shear, the vertical group velocity of a NIW [Kunze, 1985] is given as:
where Cg z is the NIW vertical group velocity, w 0 is the NIW intrinsic frequency, k x , k y , and k z are wave numbers in the horizontal and vertical directions, k H = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi k 2 x þ k 2 y q , and U and V are the subinertial current velocities. The vertical coordinate, z, is positive upwards. The second term on the right hand side of (1) is the effective buoyancy term.
[13] The effective buoyancy term depends on the direction of wave number vector. In order to examine whether the buoyancy environment within the UWE could support a NIW reflection, the maximum possible vertical shear is estimated assuming a horizontally isotropic wave vector. Then, the vertical group velocity of a NIW becomes
To compare the size of two terms on the right hand side of (2), a non-dimensional parameter m is defined as , and reflection does not occur whatever direction a NIW has. As shown in Figure  2d , the maximum possible vertical shear is around 0.25 Â 10 À2 s À1 at 100 m, then the non-dimensional parameter becomes m = 2.5, that is strong enough to make NIWs reflect within the layer.
[14] Scaling arguments based on the observed buoyancy frequency and the vertical shear of subinertial currents suggest the possibility for NIW reflection to occur in the upper thermostad of the UWE. The length scales of NIW, however, vary not only along the NIW ray path but also with the initial wave characteristics, and signs of vertical shears also vary along the NIW ray path, so we now use a ray-tracing model to investigate the NIW propagation more in detail.
Ray-Tracing Approach
[15] A ray-tracing model is applied to investigate the propagation of NIWs in the upper thermostad of an anticyclonic eddy. The purpose of this simulation is to test the possibility of NIW reflection within the physical environment of the eddy characterized with the observed thermostad and strong vertical current shears, but not to give an exact reproduction of the observations. The equations for the wave position and wave number vector, and the dispersion relation given by Kunze [1985, his equations 12, 13, 14] are
where
, r is the del operator, r = (r x , r y , r z ) is the wave's position, V = (U, V) is the subinertial current velocity, k = (k x , k y , k z ) is the wave number vector, Cg = (Cg x , Cg y , Cg z ) is the group velocity and w is the Eulerian frequency.
[16] The parameters for the ray tracing model are constant relative vorticity (z) = À0.15f, vertically varying buoyancy frequency (red line in Figure 2d ), and hourly values of 4-day low-pass filtered currents observed by the mooring. The relative vorticity value is based on an estimation from a rectified NIW frequency at 53 m. The model calculates wave positions and wave numbers with prescribed initial wave characteristics. A NIW impinging from the northwest is imposed initially. The initial wavelengths are assumed as follows: a vertical wavelength of 100 m is approximately estimated from the vertical change of inertial phase (phase change of p/2 within $25 m in Figure 3b) ; an initial horizontal wavelength of the NIW is assumed to be 40 km based on an estimation (38 km) in the subpolar front of the East Sea by Shcherbina et al. [2003] . The initial wavelengths we choose are the same as those used in the ray-tracing simulation based on the observation in the North Pacific Subpolar Front by Kunze [1985] . We attempted two other cases by changing the horizontal wavelength (30 km and 50 km), and the model showed similar results.
[17] The lines and background color map in Figure 3c are the computed ray-paths (yellow and thick white lines), and the total vertical shears, which becomes large in the upper thermostad. The results of the ray-tracing model agree reasonably well with the observed alternating upward and downward phase propagation of NIWs, although the ray solution provides only a qualitative assessment. Especially, the model simulates well the NIW reflections (thick white lines in Figure 3c ) at the same time intervals as the observation (Figure 3a) . Also, most of wave reflections appear near the high shear regions. This suggests that the observed NIW downward phase propagation is caused by the reflection of NIWs in the upper thermostad of the anticyclonic eddy due to a large vertical shear of horizontal subinertial currents and a relatively small buoyancy frequency. The highest shear regions, however, do not exactly match the reflection points, because the depths and times of reflections can depend on NIW wave number vectors varying with ray paths according to the vertical shear of horizontal subinertial currents, the buoyancy frequency, relative vorticity, and other factors.
Summary and Conclusion
[18] A new aspect of the interactions between NIWs and mesoscale eddies has been suggested by the observations presented in this paper, namely, NIW reflection in the upper thermostad layer of an eddy. This phenomenon is important because the weakly stratified layer within an eddy can prevent NIW energy from propagating downward, and reflect energy back to the surface instead.
[19] The scaling analysis and ray tracing model suggest that the NIW reflection can occur when the wave enters a thermostad layer with weak stratification but strong vertical shear in the subinertial currents. Since these episodes of upward energy propagation are observed only during the presence of an anticyclonic eddy with a thermostad layer, such eddies may be responsible for supplying a particular buoyancy environment favorable to NIW reflection. This is the first time that reflections of NIW within the thermostad of an anticyclonic eddy have been directly observed from a continuous time series.
[20] Anticyclonic mesoscale eddies observed in the Sargasso Sea also show the vertical shear increasing with depth near the upper thermostad layer [Brundage and Dugan, 1986] . This implies that our findings may be applied to mode water eddies observed in the North Atlantic and other oceans. Further studies would be required to more fully characterize NIW propagation within mesoscale eddies.
[21] Additionally, as discussed above, during the upward NIW reflection periods, vertical inertial phase changes more sharply than during the downward energy propagation periods, so we expect that its vertical wavelength would also be shorter. Jordi and Wang [2008] indicated that downward propagating free NIWs can be suppressed by bottom reflected NIWs and the interaction causes a cascade of energy toward small scales, wave breaking, and enhanced turbulence. Our observations of NIW reflection within the eddy raises the possibility that the reflected waves could interact with incoming waves and thus be converted into small scale waves, ultimately leading to turbulent mixing within the thermostad layer. Calculated Richardson number using highly-resolved CTD and ADCP data across the UWE in May 1999 also shows small value (<1/4) in the upper thermostad layer (not shown).
[22] Progress toward understanding the dynamics of NIW reflection and upper ocean mixing in an anticyclonic eddy will require more complete data sets than available in this instance. However, we do feel that these observations provide significant motivation to more closely examine the role of mesoscale eddies in NIW propagation and related mixing.
